The advent of stricter regulations on pollutant emissions has obligated the Mexican electric industry to search for alternatives in the design of combustion equipment to satisfy the new regulations, mainly in regards to NOx and particulate matter emissions. Different swirler (flame stabilizer) geometries in a single burner were studied to identify the aerodynamics characteristics of the recirculation zone and its influence on the fuel spray introduced in the furnace of the boiler by an atomizer. The aerodynamics characteristics of the recirculation zone are related to the swirl number and pressure drop through the swirler. Results showed changes in the recirculation zone with different swirler designs, promoting variations in the mixing and combustion process. An increment in the swirl number produces a stronger recirculation vortex and an increase in the mixing process, resulting in a better combustion process. As a result of an optimization process, a swirler with curve blades was designed and tested in a thermoelectric power station in Mexico, obtaining good results in terms of NOx and particulates emissions.
INTRODUCTION
Combustion of fossil fuels in power stations is the most important process for electricity production in Mexico. Heavy fuel oil (HFO) coming from the refining process of the Maya crude is the main fuel used; however, the high concentrations of asphaltenes (15-22%), sulfur (3-4%), and metals make the Mexican HFO a "difficult to burn fuel." Usually, due to these properties, conventional burner designs do not perform satisfactorily in terms of particle emissions, obligating the Mexican electric industry to search for alternatives in the design of combustion equipment to satisfy the new regulations imposed by ambient laws.
One alternative to improve the performance of burners is to replace old designs of the swirler or flame stabilizer with improved ones capable of achieving a better fuel-air mixing rate and completing the combustion process inside the furnace.
Mixing rates can be improved by promoting an internal recirculation flow in the nearby zone of the swirler. Chen and Driscoll (1988) showed that the recirculation zone takes an active and decisive role in the mixing of the fuel and oxidant, making the mixing rates strongly dependent on recirculation velocities. For example, as the recirculation vortex becomes stronger, mixing increases and flames become shorter. However, obtaining an adequate recirculation zone is not an easy task because several factors of the burner geometry and flow conditions play an important role.
Earlier studies of Barreiros et al. (1993) and Conti et al. (1995) , have established the effects of swirl on promoting flame stability, increasing combustion efficiency, and controlling emission of pollutants.
In the present study, different swirler geometries in a single burner have been investigated, using a CFD package (FLUENT H ) to improve the combustion process in conventional oil burners. One of them was evaluated in a power station at the north of Mexico. The study allowed the identification of the interrelation between the central recirculation zone, induced by the swirler, and the fuel spray, produced by an atomizer. On the other hand, it was possible to identify the parameters that influence the formation of the recirculation zone, resulting in suitable conditions for mixing, stability, and combustion of the fuel.
AERODYNAMIC STUDY Burner Geometry
For the aerodynamic study, a single-burner configuration along with its wind box geometry were considered. In this type of burner, the airflow is supplied to the wind box in a radial direction creating a rotational flow inside the wind box. A three-dimensional geometry was considered for modeling purposes due to the presence of an asymmetry caused by the ignition pipe located at the top of the burner section (Fig. 1) . The wind box geometry was generated with 143,140 nodes, and the boundary conditions were prescribed taking the air velocity at the inlet and the pressure at the outlet. Due to the complexity of the group of elements, two separate grids were created to handle the overall simulation. The first one comprised the wind box, and the second one included the swirler, the quarl, and the external domain for flow development.
Also, the geometry of the single burner considered a quarl (convergent-divergent section) where the swirler and atomizer are located (Fig. 2) . The grid size depended on the complexity of the swirler geometry and the number of blades. Different geometries were created with the number of nodes between 120,000 and 285,000. Therefore, the wind box model supplied a flow solution to feed the burner model, saving in that way a considerable computational time.
In the aerodynamic study, a RNG k-ε model was used. This model includes the effect of swirl on turbulence through the Reynolds Averaged Navier Stokes (RANS) equations, enhancing accuracy for swirling flows.
The mass, momentum, and turbulence equations applied to the aerodynamic study, considering a steady, incompressible, and fully turbulent flow, are Ignitor Inlet FIGURE 1 Wind box geometry.
FIGURE 2 Swirler and quarl geometry.
where the Reynolds stresses to the mean velocity gradients are defined as and the turbulent viscosity is given by
COMBUSTION MODELING
To study the combustion process in the single-burner model, a spray of fuel oil was simulated by defining characteristics such as spray cone, droplet diameter, number of particle streams, mass flow rate, and position of the fuel injection. The combustion model considers a mixture fraction/PDF approach, which involves the solution of transport equations for one or two conserved scalars (the mixture fraction and its variance). This approach has been specifically developed by FLUENT for the simulation of turbulent diffusion flames. The basis of the mixture fraction approach is that the instantaneous thermochemical state of the fluid is related to a conserved scalar quantity known as the mixture fraction (f). For a binary system consisting of fuel and oxidizer, the mixture fraction can be written in terms of the elemental mass fraction as where Z k is the elemental mass fraction for some element k. The subscripts 0 and F denote the value at the oxidizer and fuel stream inlets, respectively. The equations for the conserved scalars applied in the combustion model are 20 A. GALLEGOS MUNOZ et al.
where the source term, S m , is due solely to the transfer of mass into the gas phase from liquid fuel droplets.
When the PDF combustion model is enabled, the total enthalpy form of the energy equation is solved, that is, where k t is the turbulent thermal conductivity, C p is the constant specific heat, and S h includes the heat of chemical reaction.
The swirl number in each model was determined with the equation
where R w is the swirler radius. The axial flux of angular momentum and the axial flux of axial momentum are defined as
The pressure drop through the swirler was determined considering two perpendicular planes behind and in front of the swirler, and computing the difference between the average values in each plane.
A convergence of residuals values of 1 × 10 -3 to the mass, momentum, and turbulence equations in the aerodynamic study was applied. The solutions were obtained after 300 to 400 iterations. In the combustion model, a convergence of 1 × 10 -6 to the solution of the energy equation, and a convergence of 1 × 10 -3 to the mixture fraction and its variance equations were applied. The solution was obtained after 800 to 1500 iterations.
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RESULTS

Aerodynamic Study
For the wind box model, a constant velocity inlet normal to the boundary (radial direction) is applied, and the track of the flow created a rotational flow in the outlet (Fig. 4) , where its magnitude depends of the mass flow rate applied to the single burner. The white zones represent the ignition pipe and the shaft of the wind box. As said before, the solution of this model supplied the starting values to the burner model. In the burner model, a central recirculation zone in front of the swirler is obtained, with its form and size depending on the geometric characteristics of the swirler. Figure 4 shows the contour boundary of the recirculation zone of four different swirl designs. As can be seen, the "bluff body" creates a recirculation zone, which is short and wide near the flame stabilizer. A swirler with straight blades and double angle creates a recirculation zone that is large and narrow. Finally, a swirler with curved blades creates a recirculation zone that is wide and large near the swirler, but not attached to it as the "bluff body" is.
The main geometry data of each flame stabilizer are showed in the Table 1 , while the swirl number and pressure drop calculated to each model are presented in Table 2 . These values were obtained at a mass flow rate of 17.6 kg/s, which 22 A. GALLEGOS MUNOZ et al. is the design value applied to each burner of a 300 MW power station. As can be seen from Table 2 , the "bluff body" presents the highest pressure drop and the lowest swirl number. The swirler with straight blades has the lowest pressure drop, but its swirl number is lower than that created by a curved blade swirler.
Combustion
A fuel spray with properties similar to the HFO was introduced and simulated by the burner model. The spray features included a spray angle of 80 o , droplet diameter of 90 µm, 10 particle streams, flow rate of 1.215 kg/s, and a fuel injection positioned at 2.5 cm from the external face of the swirler. It was interesting to note that the form of the central recirculation zone changed dramatically depending on the swirler geometry.
For a burner model with swirler 1, the recirculation zone changes when the fuel injection is introduced. Initially, the recirculation zone is narrow and located at the front of the swirler, as in Figure 5a . When the fuel injection is applied, the recirculation zone becomes larger and located far from the swirler and the atomizer, as in Figure 5b . On the other hand, the models with swirler 3 show a recirculation zone wide and near the swirler, as seen in Figure 6a . When the fuel injection is applied, the recirculation zone does not change dramatically, and it is maintained near the swirler and atomizer, as shown in Figure 6b . This condition is very important to the mixing and combustion processes, because the circulation vortex inside the recirculation zone must be interacting with the fuel spray.
The temperature contours showed in Figures 7 and 8 , allowed the identification of the burning zone for the models with swirlers 1 and 3. The model with swirler 1 promotes a burnout zone far from the atomizer, favoring a poor com- bustion process of the fuel droplets, a fact that was detected by the combustion and pollutant emissions measurements done at the power unit. The model with swirler 3 promotes a burnout zone near the swirler and connected with the atomizer, favoring the complete combustion process and reducing the total suspended particulates emissions. Temperature contours predicted for swirlers 1 and 3 gave useful information about where hot zones are located and help to explain the NO x trends, which are higher for swirler 1. The field measurements of the NO x emissions and the total suspended particulates (TSP) emissions were obtained by an IIE (Instituto de Investigaciones Eléctricas) team applying EPA standards to the measuring of pollutants. The results reported in Table 3 correspond to 1% excess O 2 in flue gases at maximum load. These results helped to identify the performance of the overall burner designs.
CONCLUSION
Four swirler designs were modeled and two of them were field tested with the purpose of finding a suitable swirler design to reduce pollutant emissions. Curved blade swirlers showed better performance than the conventional bluff body type. Between curved blade designs, important differences were also identified and were based on the number and curvature angles of the blades. The simulation of the aerodynamic flow, which included the swirl number and the pressure drop, allowed the identification of the favorable features of the recirculation zone that promotes the best mixing between the combustion air and the fuel oil. A low swirl number produced a recirculation zone where the circulation vortex is not in contact with the fuel spray, causing poor mixing and producing high TSP emissions, as field results demonstrated. When the swirl number is increased, the circulation vortex magnitude increases, allowing an improvement in the mixing process with more droplets being fully burned and a reduction in the TSP emissions. NO x emissions field results showed a better performance for swirler 3; these results are in agreement with the lower temperatures predicted for this swirler as compared to swirler 1.
Results in Table 3 show NO x emissions below the Mexican norm (375 ppm); bluff body has the lowest value of NO x , but its corresponding value of TSP is the highest. The opposite happens with the other two stabilizers, where the results of swirler 3 satisfy the expected requirements of burnout and emissions; although an increase in NO x exists, TSP value is reduced.
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